We report Cl( 2 P 3/2 ) and Cl*( 2 P 1/2 ) fragment images following ClN 3 photolysis in the 234-280 nm region measured by velocity map imaging. Kinetic energy distributions change shape with photolysis wavelength from bimodal at 234 and 240 nm to single peak at 266 and 280 nm. Where two peaks exist, their ratio is significantly different for Cl and Cl* fragments. The single peak of 266 and 280 nm and the faster peak at 234 and 240 nm are assigned to a Cl þ linear-N 3 dissociation channel, in agreement with previous work. The slow peak in the bimodal distributions is assigned to the formation of a high energy form (HEF) of N 3 . Candidates for the identity of HEF-N 3 are discussed. Combining our data with photofragmentation translational spectroscopy results, we determined the threshold for the appearance of HEF-N 3 at 4.83 AE 0.17 eV photolysis energy. This threshold behavior is similar to recently reported results on the wavelength dependence of HN 3 photolysis, where the threshold was associated with a ring closed isomer of HN 3 on the S 1 potential energy surface. We also note that the HEF-N 3 formation threshold observed for ClN 3 occurs where the energy available to the products equals the isomerization barrier from linear to cyclic-N 3 .
Introduction
Cyclic-N 3 is the smallest closed ring in the group of nitrogen allotropes, many of which are theoretically predicted to be stable, 1 yet only five (linear N 3 isomer being one of them) have been experimentally observed. Recently, velocity map imaging (VMI) work on ClN 3 photolysis at 235 nm provided indirect evidence of cyclic-N 3 formation. 2 Cl atoms probed in those experiments exhibit a bimodal translational energy distribution with the higher translational energy peak corresponding to formation of Cl and linear N 3 . The low translational energy peak characteristics match very well the theoretically predicted energetics [3] [4] [5] for the formation of cyclic-N 3 . However there is no direct evidence on the structure of that N 3 form, so we refer to it as high energy form of N 3 (HEF-N 3 ).
These observations triggered a series of experiments on ClN 3 . Photofragment translational spectroscopy (PTS) experiments using electron impact ionization to detect 248 nm ClN 3 photolysis fragments, showed that 95% AE 3% of ClN 3 dissociates via the Cl þ N 3 channel 6 contrary to previous established knowledge that the channel leading to NCl þ N 2 formation dominates the absorption. Furthermore, the Cl translational energy distribution from ClN 3 photodissociation at 248 nm exhibits a similar bimodality as seen in VMI experiments at 235 nm. As this technique relies on electron impact ionization, slow-channel N 3 fragments were detected directly, demonstrating that HEF-N 3 is stable enough to exist 100 ms after its production. However a large fraction of it undergoes dissociation to N 2 þ N. That and other secondary photodissociation pathways of the fragments in those experiments were also explored. 7 More evidence that HEF-N 3 must be significantly different from linear N 3 comes from PTS experiments using synchrotron radiation ionization to detect photofragments, again at 248 nm photolysis of ClN 3 .
8 From the clearly resolved peaks of fast and slow N 3 fragments that were measured vs. ionization energy (i.e. tuning an undulator that controls the VUV wavelength), the ionization threshold of the HEF-N 3 was observed to be 10.67 AE 0.2 eV while the threshold 9 for the linear N 3 was confirmed once again to be at 11.07 AE 0.2 eV. The theoretically predicted ionization threshold for cyclic-N 3 (10.58 eV) is in good agreement with the observed threshold for HEF-N 3 . 10 The energy resolution of those experiments was limited by the synchrotron radiation bandwidth.
Until now there is evidence for HEF-N 3 production at two wavelengths, 235 and 248 nm only. In the present paper we present the results of VMI experiments on the photolysis of ClN 3 at 234, 240, 266 and 280 nm and we combine those results with existing PTS data in an effort to determine how HEF-N 3 production depends on the photodissociation energy of its parent molecule. The study reveals a marked energetic threshold at 4.83 AE 0.17 eV, in the midst of the S 2 -S 0 absorption system. These results are at least qualitatively similar to a recent 20 wavelength dependent study on HN 3 , where theory could be successfully employed to identify the observed photodissociation threshold with a ring-closed HN 3 structure on the S 1 surface, presumably produced after S 2 -S 1 surface hopping.
Experimental
For ClN 3 preparation, a 5% mixture of Cl 2 in He flows through moist cotton wool containing dispersed NaN 3 . The reactor's products containing ClN 3 pass through a drying agent (Drierite) to remove excess water before being expanded supersonically through a solenoid pulsed valve to form a molecular beam in the source chamber of the velocity map imaging 11, 12 apparatus. The molecular beam is skimmed 2 cm after the nozzle and intersected perpendicularly by the focused outputs (f = 50 cm) of two counter propagating lasers. One laser (pump laser) performs the dissociation of ClN 3 
Results
Symmetrized images of Cl and Cl* photofragments recorded following ClN 3 photolysis at 234, 240, 266 and 280 nm are presented in Fig. 1 . At 234 and 240 nm dissociation wavelengths, there are two ring features in the Cl-fragment data. In Cl* images recorded at close-by photolysis wavelengths, the inner feature is barely visible. At 266 and 280 nm this feature is not present for both Cl and Cl*. For both 266 and 280 nm images, the probe laser (234 nm) also dissociates ClN 3 and contributes ''background'' Cl signal. Probe-only images were recorded under the same conditions and subtracted from the two-laser images. However the subtraction at 266 nm was incomplete and left a ''slow ring'' artifact which we do not take into account in our analysis. The inverse Abel transform was applied to the images followed by integration over angle to produce translational energy distributions and over radius to produce angular distributions.
Translational energy distributions
The energy distributions of Cl (solid line) and Cl* (dotted line) fragments following ClN 3 photodissociation at 234, 240, 266 and 280 nm are plotted in Fig. 2 . The x-axis in the plots is the total (Cl plus N 3 ) translational energy.
The amount of energy channeled into photofragment translation is determined by conservation of energy and is (ignoring initial parent energy) the energy of the dissociating photon minus (a) the bond dissociation energy D o and (b) the energy stored in the photoproducts electronic, vibrational and rotational degrees of freedom. The dissociation energy of the Cl-N 3 bond has been evaluated recently 2 to be 2.15 AE 0.1 eV. Assuming no internal energy is partitioned into the products, we can calculate the maximum product translational energy E T MAX , shown in Fig. 2 as a drop-down solid line for the Cl fragments at each wavelength. For the Cl* fragments, E T MAX will be 0.109 eV (882 cm À1 ) lower, reflecting the spin orbit splitting energy difference. The Cl and Cl* distributions at 234 nm agree with previous results. 2 In the Cl distribution there are two peaks, one at around 2.4 eV and another at 0.8 eV in total translational energy. We estimated the width of each peak by fitting to it a Gaussian distribution function. The FWHM for the fast peak is B0.5 eV and for the slow peak 0.7 eV. In comparison, Cl peak from Cl 2 photodissociation at 355 nm (1.02 eV total translational energy) has a FWHM of 0.06 eV. It is evident that ClN 3 photodissociation produces a distribution of internally excited N 3 fragments which cause the Cl peaks to broaden. The slow : fast area ratio between the two Cl peaks is 1.2 : 1.
In the Cl* distribution recorded at nearby wavelength, that ratio drops dramatically. The slow peak is barely visible as a ring in the image and is almost hidden in the noise of the Abel transform. To get an upper limit of its contribution, we fit a Gaussian with the characteristics of the corresponding peak of Cl (peak 0.8 eV, FWHM 0.7 eV) and got a slow : fast area ratio of 0.2 : 1. The fast Cl* distribution peaks at 2.4 eV have a width of 0.5 eV.
In the 240 nm photolysis, the Cl translational energy distribution is again bimodal peaking at 2.4 eV (FWHM 0.49 eV) and 0.84 eV (FWHM 0.75 eV). The slow : fast ratio drops to 1 : 1. Again in Cl* distribution, the slow peak is almost invisible and an upper limit of 0.2 : 1 was extracted for the slow : fast ratio. The fast Cl* peak is at 2.4 eV with FWHM of 0.4. It appears that, within experimental error, there is no significant change in the photolysis process of ClN 3 between 234 and 240 nm.
At the next photolysis wavelength studied, at 266 nm, there is significant change. We find only a single peak in the Cl distribution at 2.1 eV, with a FWHM of 0.27 eV and also a single peak in Cl* distribution at 2.04 eV with 0.29 eV FWHM. As mentioned earlier, the slow peak visible in the Cl distribution is due to 234 nm photolysis of ClN 3 signal, which was not subtracted successfully. We verified that there is no slow Cl contribution at 266 nm by fitting the unsubtracted data (not shown here) for both 234 and 266 nm slow and fast channel contributions. At 280 nm the distribution is similar to 266 with one peak at 1.84 eV (0.26 eV FWHM) for Cl and 1.83 eV (FWHM 0.25 eV) for Cl*.
Angular distribution
Integrating the 2-D image cuts over radius, we obtained the angular distributions of the Cl and Cl* fragments to which we fit the known 13 I(y) = 1 þ bP 2 (cos y) formula to extract the anisotropy parameter, b. The results are presented in Table 1 and are in agreement with previously reported work. 2, 7 We did not extract an anisotropy parameter for the slow channel in the Cl* distributions because the range of this channel is not clear in the energy distributions, therefore the result would have disproportionate error bars and no useful information could be extracted from it. The fast channel b-parameter does not change significantly with wavelength, ranges from 1.7 to 1.9 and exhibits a predominantly parallel character, while the slow channel, present at 234 and 240 nm, has a more isotropic distribution and an anisotropy parameter of around 0.4 when it is present. Hansen and Wodtke 2 have observed the same anisotropy difference at 235 nm photolysis of ClN 3 (Table 1) and using Busch and Wilson's treatment, 14 they discussed two possible explanations: (a) the case of structurally different transition states (consistent with linear and cyclic N 3 formation) that give rise to different photofragment average departure angles with respect to the transition dipole moment for the slow and the fast Cl photofragments and (b) the case that slow Cl is generated by a long lived (B300 fs) intermediate.
The similar anisotropy parameter values obtained by our results at 234 and 240 nm and PTS results
7 at 248 nm demonstrate that the dissociation dynamics of slow and fast Cl formation do not change significantly from 234 to 248 nm, however it is still unclear whether the more isotropic distribution of the slow Cl can be attributed to molecular geometry rearrangement during Cl-N bond breaking or to a long-lived intermediate that would allow parent molecule rotation to alter the anisotropy. The anisotropy parameters of the Cl* distributions have also parallel character, with beta ranging again from 1.7 to 1.9.
Discussion
The bimodal translational energy distributions observed here are assigned in a similar way to previous work. 2, 7, 8 That is, we assign the fast (or the only) peak of the translational energy distribution at each wavelength we studied, to the production of Cl and linear N 3 :
The origins and widths of those peaks reveal that the linear N 3 produced by reaction (1) is ro-vibrationally excited with about 80% of the available energy appearing as translation. The average translational energy of the fast peak fragments is reported in Table 1 as % of available energy (E av ) for all the wavelengths in this study. Comparing results at 266 and 280 nm with those at 234 and 240 nm, it appears that N 3 internal excitation does not change significantly with wavelength or with Cl atom's spin-orbit state. The assignment of the low translational energy peak (''slowchannel'') at 234 and 240 nm continues to be the topic of current study; thus we refer to this channel as ''high energy form'' of N 3 or HEF-N 3 producing channel. The possibility of a direct three body dissociation yielding Cl þ N 2 þ N to explain it is not likely, since slow ''momentum-matched'' N 3 has been detected directly by PTS experiments. 7, 8 Recent highlevel theoretical calculations 4, 5, 15 on low lying excited states of N 3 predict a cyclic form of N 3 , 1.35 eV above linear N 3 ground state. Previous work 2, [6] [7] [8] has shown that the translational energy release in the ''slow channel'' is energetically consistent with formation of cyclic-N 3 . This is also apparent in Fig. 2 . Using D o (Cl-N 3 ) of 2.15 AE 0.1 eV 2 and the theoretical predictions of the excitation energy of cyclic-N 3 with respect to linear N 3 , 4 we can calculate the maximum translational energy release, E T MAX , for Cl produced with cyclic-N 3 , shown as dotted drop-down lines in Fig. 2 . The good agreement between these energetic limits and the observed translational energy distributions, now at three photolysis energies: 234, Fig. 2 and in the literature, following photolysis of ClN 3 in the 234-280 nm range. The column next to the peak translational energy shows the average translational energy of the fast Cl or Cl* fragments as a percentage of available energy (E av ). Unless otherwise noted, the error in peaks and widths is AE0.06 eV and in percentage AE4% 240 nm using VMI and 248 nm using PTS, strengthen the evidence supporting the assignment of the slow-channel to cyclic-N 3 formation. Besides cyclic N 3 , the only other electronically excited state of N 3 accessible in the 235-280 nm photolysis energy range is the 4 B 1 state, theoretically predicted in the work mentioned above. As this state is spin forbidden, it is less likely that N 3 is formed in 4 B 1 rather than in the two (linear and cyclic) spin allowed states.
The principal result from this work is the photolysis wavelength dependence of the ''slow channel''. Our VMI results demonstrate the existence of an energetic barrier (or possibly a minimum in a potential energy seam crossing) to ''slow-Cl'' production (alternatively, HEF-N 3 production) between 240 and 266 nm of ClN 3 photolysis. PTS experiments carried out at a photolysis wavelength of 248 nm using either electron impact 6, 7 or synchrotron radiation photo-ionization 8 to probe the photofragments, also detect the slow peak in both Cl and N 3 translational energy distributions narrowing the barrier's possible position between 248 and 266 nm.
The collected results are shown in Fig. 3 . Here, we integrated the signal intensities from imaging and PTS Cl photofragment data to obtain the ''slow-Cl'' branching-fraction relative to total Cl-atom production in ClN 3 photolysis at five different photolysis wavelengths. We took into account both Cl and Cl* fragment contributions in imaging experiments, weighting the Cl* contribution by the appropriate factor 16, 17 due to differences in state-specific REMPI detection efficiency. From Fig. 3 , one may derive a threshold for the appearance of slow-channel at 4.83 AE 0.17 eV.
Also plotted in Fig. 3 is the absorption spectrum 18 of gasphase ClN 3 in this wavelength range. Unpublished theoretical calculations 19 indicate that the absorption system in this wavelength range is the S 2 (
system. This is substantiated by the strong parallel polarization observed in this work. The observed threshold is seen on the rising absorption edge of the S 2 (
Recently, extensive theoretical calculations on the excited electronic states of HN 3 have lead to a deeper understanding of ring closing dynamics in the photochemistry of that molecule, by making careful comparisons to H-atom Rydberg tagging experiments where the photolysis wavelength was varied. 20 In that work a similar threshold for ''slow-H-atom'' formation was found at B5.6 eV, also on the rising edge of the S 2 ( 1 A 0 )-S 0 ( 1 A 0 ) absorption. It was argued that a S 2 /S 1 conical intersection, identified by theory, could lead to S 2 -S 1 internal conversion allowing access to a ring-closed HN 3 isomer on the S 1 potential energy surface. The S 1 ring-closed isomer in HN 3 was located about 2.9 eV above the S 1 minimum. Here the observed threshold 4.8 eV, is similarly about 2-2.5 eV higher in energy than the red edge of the S 1 absorption of ClN 3 . 21 While these comparisons can only provide incentive for new theoretical investigations of excited electronic states of the ClN 3 molecule, the similarity with the HN 3 observations and this work is striking.
We also point out in passing another interesting aspect of the experimental observations. Theory predicts a barrier to isomerization from linear to cyclic N 3 of 62.2 kcal mol À1 (2.70 eV). One cannot fail to notice that this barrier is suspiciously close to the energy available to the photo-products, when photolysis takes place at the slow-channel threshold.
It is possible that this extraordinary match is purely coincidental. Nevertheless, it is suggestive of a possible mechanism for dissociation that is worth further theoretical study. Here, one would imagine that ring closure in the ClN 3 molecule takes place before the final translational energy of the recoiling Cl-N 3 half-collision pair is determined. And that the relaxation of the N 3 moiety from the ring closing saddle point into the final ring closed structure is crucial to determining the final translational energy of the slow channel.
Conclusions
We carried out velocity map imaging experiments measuring state-selectively Cl( 2 P 3/2 ) and Cl*( 2 P 1/2 ) photofragments following ClN 3 photolysis at 4 wavelengths in the 234-280 nm region of the absorption spectrum. Bimodal translational energy distributions reveal that ClN 3 photolysis at 234 and 240 nm generates N 3 in two forms: the linear and a high energy one (HEF-N 3 ), possibly cyclic N 3 . At 266 and 280 nm only the linear form is produced. Combining those results with photofragmentation translational spectroscopy data at 248 nm, we determined the threshold for HEF-N 3 production at 4.83 AE 0.17 eV photolysis energy. A similar threshold in the HN 3 photolysis was associated recently with a ring-closed HN 3 isomer. It is an interesting coincidence that the energy available to the photofragments following ClN 3 dissociation at the threshold photon energy, matches the theoretically calculated isomerization barrier from linear-to cyclic-N 3 .
In addition we find that the majority of Cl* fragments even at 234 and 240 nm are produced along with linear N 3 , indicating different dynamics for this spin orbit state. However, angular distributions are similar for Cl and Cl* and also do not change significantly with wavelength. Cl þ linear N 3 channel (b = 1.7-1.9) exhibits a predominantly parallel character while Cl þ HEF-N 3 channel is more isotropic (b = 0.4).
Present results support previous evidence that HEF-N 3 is indeed cyclic N 3 . However more work is needed to experimentally determine the structure of HEF-N 3 and theoretically explore the ring closing dynamics following ClN 3 photolysis.
